Olivine, Cation-Ordering, Mixed Crystals Mg2_a;Fe.rSi04
In the olivine structure the cations M 2+ are octahedrally surrounded by six oxygen atoms from neighbouring Si04-tetrahedra. There are two kinds of octahedra, differing in site symmetry and bond length M 2 +-0 2 -. In olivines (Ml±^N|+)Si04, containing two kinds of cations M 2+ and N 2+ one might expect these cations to order into different sites according to their size. The present paper deals with the system (Mg2_aFea;)Si04 with x = 0 to 2.0. The average bond lengths in the pure end members Mg2SiC>4 and Fe2Si04 respectively are [1] With ionic radii = 0.85 Ä and rMg 2 + = 0.78 Ä one should expect Fe 2+ to enter preferentially the octahedra m.
Data in the literature are controversal. Several papers indicate ideal substitution and no evidence for ordering of the octahedral cations [2] [3] [4] [5] [6] [7] [8] . Eliseev claims the spacings to deviate greatly from Vegard's rule [9] . In Mg2_a;Coa3i04 cation ordering has been proven clearly [10] .
Most of the data indicating randomly distributed cations have been obtained with natural crystals. From thermodynamic considerations one should expect random distribution of cations over both octahedral sites I and m at high temperature, and ordering at low temperature. In this case variation of cooling rate or quenching should determine, whether and to what extent there is ordering or not.
Materials and Methods
The mixed silicates (Mg, Fe)2Si04 have been prepared from mechanical mixtures of pure Mg2Si04
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and Fe2Si04 in a solid state reaction. The finely powdered compounds (particle size <10 ju diameter) were thoroughly mixed, compacted to bars of 5-10 mm diameter and 50 mm length by a 50 ton load and sintered at 1050 °C under reduced pressure (10 _1 -10~3 torr) for several days. After cooling the bar was powdered, a small sample checked for its degree of reaction and the rest pressed and sintered again. This procedure was repeated, until IR spectra and X-ray reflections did not change their line width on repeated treatment and the line-width did not exceed that of the pure end-members, used in the synthesis. Usually three cycles were necessary. Cooling rate was 20-40 °C per hour.
In separate experiments part of the final samples was heated at 10-30 °C below their melting points for 3-10 hours and quenched to room temperature within 30-60 seconds. In these experiments the powder was not compacted to bars.
X-ray data have been obtained with Straumanisand Guinier-methods and the axes have been refined by a least square program. The accuracy is ± 0.002Ä for a, ±0.004 A for b and ±0.001 Ä for c. With quenched samples the limit of error is about two times higher than in the slowly cooled ones due to line broadening. In order to eliminate instrumental effects the half widths of the X-ray lines were referred to those of the slowly cooled samples and half width ratios are given (Table II) .
The chemical composition was predetermined by the mixture and checked by wet chemical analyses for some of the samples. According to this the value x in the formula Mg2_xFezSi04 is accurate within ±0.02. Since concentration gradients have been reported for natural olivines, some of the samples were examined by Mikroprobe analysis and proven to be uniform.
Results
The lattice dimensions of the slowly cooled samples are listed in Table I . As shown in Fig. 1 , the volume of the unit cell does not vary linearly with composition and the system does not obey Vegard's rule. There is an increase in volume from # = 0.0 to a: = 0.1. Experimental data within this range are badly reproducible, the deviations from average values in repeated experiments, including the synthesis are two to three times higher than outside this range. From a; = 0.1 to x = 0.6 the volume is constant within the error of limit. Beyond x -0.6 all data lie close to a straight line and the volume of the unit cell increases almost linearly from 291.5 A 3 to 307.9 Ä 3 .
More details can be seen from the variations of a, b and c with composition, as shown in Fig. 2 
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The quenched samples differ from the slowly cooled ones mainly in the range a; = 0.3 to x = 1.2 (Table II) sharing corners with each other (Fig. 3 b) . Thus the adaptation of the octahedral sites in Mg2Si04 onto the larger Fe 2+ -ions has to be brought about mainly by increase of the 6-axis. Correspondingly also the compressibility is the highest in 6-direction [11] {a: 2.300 • 10~1 3 cm 2 /dyn; b: 3.587 • 10~1 3 cm 2 /dyn; c: 1.878 • 10~1 3 cm 2 /dyn). Similar cation ordering has been observed by Schmitz-Dumont and Friebel [10] with the Mg2-a;Co23i04-system. In this case the size relations are still more favorable for regular distribution (average distance in octahedra I: Mg-O 2.094 Ä, Co-0 2.120 Ä; in octahedra m: Mg-O 2.130 Ä, Co-0 2.145 Ä).
In the Mg2-a;Fea;Si04-system our data from equilibrated samples disagree with most of those reported on natural olivines, claiming strict obedience to Vegard's rule. A very thorough discussion of natural olivines has been given by Birle, Gibbs, Moore and Smith (1968) , including the possibility of both random and regular distribution to depend on cooling rate or annealing. One of their natural samples from the Skoergaard intrusion should have cooled slowly and also the olivine from the Camos Mor olivine gabbro dike (Scotland) should have received some opportunity for annealing. However, the composition of these with b) Linkage of the M 2+ -0 2~-octahedra of symmetry m in the a-c-plane. x = 0.912 and x = 1.04 does not allow to detect exceptions to Vegard's rule in the range x = 0.1 to 0.6 as found in our experiments. This statement is also true for the data of Henriques [5] . None of the samples, studied by him, was within the critical range of composition 0 < x sS0.6.
Samples within the critical range have been used by Bloss [3] (22 from 30), Yoder and Sahama [4] (14 from 26) and Smith and Stenstrom [6] (10 from 26). Since either densities or heats of solution or the (031)-spacing* only were measured, the accuracy was not high enough to detect deviations. In addition, the composition of the samples was not equally distributed over the whole range and most of the samples contained small amounts of Mn 2+ or Ca 2+ . Since the bond lengths Ca-0 and , strong influence of these cations on the order-disorder equilibria cannot be ruled out. Jamber and Smith [8] , who had 11 from 30 samples in the critical region and who measured the (471)-spacing (Fig. 4) , conclude their measurements not being sufficiently precise to indicate whether the a, b and c-axes vary uniformly with composition or not. Hence, reinterpretation of •a» i ? 1 1, 0
